Probing charge correlations of quark gluon plasma by identified
  two-hadron rapidity correlations in ultra-relativistic AA collisions by Song, Jun & Shao, Feng-lan
ar
X
iv
:1
40
4.
42
30
v2
  [
he
p-
ph
]  
21
 A
pr
 20
14
Probing charge correlations of quark gluon plasma by identified two-hadron rapidity correlations in
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We propose a new kind of two-particle correlation of identified hadrons in longitudinal rapidity space, called
Gαβ(yα, yβ), which can reflect clearly the charge correlations of hot quark system produced in AA collisions at
LHC energies. It is derived from the basic scenario of quark combination mechanism of hadron production.
Like the elliptic flow of identified hadrons at intermediate transverse momentum, this correlation is independent
of the absolute hadronic yields but dependent only on the flavor compositions of hadrons, and thus exhibits
interesting properties for different kinds of hadron species. We suggest the measurement of this observable in
AA collisions at LHC to gain more insights into the charge correlation properties of produced hot quark matter.
PACS numbers: 25.75.Gz,25.75.-q
Correlations between different identified hadrons in mo-
mentum space were sensitive probes of prompt hadron pro-
duction dynamics in different high energy reactions already in
1980s - 1990s [1–7]. The experimental data of baryon-baryon
and baryon-antibaryon correlations in rapidity space in e+e−
annihilations [4–6] provided important test of existing phe-
nomenological models of non-perturbative hadronization pro-
cess. In ultra-relativistic heavy ion collisions, correlation mea-
surements and studies continue to serve as an indispensable
means in exploring the properties of strong-interacting quark
gluon plasma (QGP) produced in collisions [8–17]. Recent
studies of low pT domain correlations in both experimental
and theoretical sides [13–26] are mainly of charged particles
in terms of balance functions while those of two-particle cor-
relations of identified hadrons are relatively less concerned,
and are mainly of charged pion and kaon which suffer greatly
from decay contamination. The latest progress is the thermal
analysis of Scott Pratt [27]. With the rapid development of
high precision LHC experiments and deep running of RHIC,
the underlying physics of two-hadron correlations in the con-
text of AA collisions is urgently needed to interpret, hoped
as effectively as hadronic elliptic flow, what can we learn from
identified hadron correlations, especially what QGP properties
can be extracted from correlations of which particular identi-
fied hadrons.
In this paper, we propose the following two-hadron corre-
lation function in longitudinal rapidity space as a new observ-
able in AA collisions at LHC energies,
Gαβ(y1, y2) =
〈
[nα(y1) − nα¯(y1)][nβ(y2) − n ¯β(y2)]
〉
〈nα(y1)〉〈nβ(y2)〉 , (1)
which measures directly the correlation between two hadronic
species by a symmetrical combination of αβ, α¯ ¯β, α ¯β and α¯β
correlations but can reflect in a quite clear manner the proper-
ties of conserved charge correlations of the quark system pro-
duced in collisions. Here, angle brackets denote event average
and nα(y1) the number of hadron α at y1. We confine ourself
to the situation of zero baryon number density, e.g. the central
plateau region of collisions as a good approximation, other-
wise one would subtract terms 〈nα(y1)−nα¯(y1)〉〈nβ(y2)−n ¯β(y2)〉
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in the numerator. In the denominator of Eq. (1), we put
the product of two hadron yields rather than the either one,
which is the major difference from previous balance functions
[3, 13, 27]. At first sight, this correlation is hadronic yield de-
pendent since it seems to be in the magnitude of 1/nα or 1/nβ.
In fact, however, it is not the case but presents a clean quark
level insight as we interpret Eq. (1) in the framework of the
quark combination mechanism (QCM) of hadron production.
QCM describes the production of hadrons as quark system
hadronizes by the combination of neighboring quarks and an-
tiquarks in phase space. Reducing QCM to one-dimensional
longitudinal rapidity space and considering that the averaged
rapidity interval between neighboring quarks at LHC energies
is the order of 10−3, i.e. thousand quarks per unit rapidity,
the combination of neighboring quarks into a hadron can be
treated as an ideal equal y combination to make the study il-
lustrative and insightful and meanwhile keep the good numer-
ical approximation. Then, we have the single hadron rapidity
distribution, e.g. for the produced meson Mi(q1q¯2)
FMi (y) = Pq1q¯2,Mi (y) fq1 q¯2 (y), (2)
and similar for baryonic FB(y). Here, fq1q¯2 (y) is the density
of q1q¯2 pairs at rapidity y in system just before hadronization.
Pq1q¯2,Mi denotes the probability of a q1q¯2 pair combining into
a meson. We also consider the two-hadron joint distributions
Fαβ(y1, y2) since Gαβ essentially measures (Fαβ +Fα¯ ¯β − Fα¯β −
Fα ¯β)/FαFβ, and have
FMi M j (y1, y2) = P(q1 q¯2)(q3q¯4),Mi M j (y1, y2) f(q1 q¯2)(q3q¯4)(y1, y2) (3)
and similar for FMB and FBB. f(q1 q¯2)(q3 q¯4)(y1, y2) are
joint distribution of q1q¯2 pair at y1 and q3q¯4 pair at y2.
P(q1q¯2)(q3 q¯4),Mi M j (y1, y2) is the joint production probability of
Mi M j pair given a q1q¯2 pair at y1 and a q3q¯4 pair at y2,
which has the factorization form Pq1q¯2,Mi (y1)Pq3q¯4,M j (y2) be-
cause of the locality of hadronization. In the system with-
out net charges we expect Pq1q¯2,Mi = Pq¯1q2, ¯Mi and Pq1q2q3,B j =
Pq¯1q¯2q¯3, ¯B j in charge conjugation symmetry.
Kernel P involves the complex non-perturbative hadroniza-
tion dynamics and are little known presently from first prin-
ciples. Fortunately, by adopting Eq. (1) we don’t need to
known the precise form of P, thereby avoiding those still de-
bated issues or puzzles caused by unclear hadronization dy-
namics, e.g. energy and entropy conversation in low pT do-
main [28–32], to make the general conclusion. Using Eqs.
2(2-3) we obtain that Gαβ actually measures the ( f (q)αβ + f (q)α¯ ¯β −
f (q)
α¯β
− f (q)
α ¯β
)/ f (q)α f (q)β where f (q)α and f (q)αβ denote the correspond-
ing multi-quark distributions for single α and joint αβ produc-
tions in Eqs. (2-3), respectively. Then we immediately get
Gαβ(y1, y2) =
〈
[n(q)α (y1) − n(q)α¯ (y1)][n(q)β (y2) − n(q)¯β (y2)]
〉
〈n(q)α (y1)〉〈n(q)β (y2)〉
. (4)
n
(q)
α (y) is the number of multi-quark pairs in a event, cor-
responding to theoretical f (q)α (y). In meson α(q1q¯2) case,
n
(q)
α (y) = nq1q¯2 (y) = nq1(y)nq¯2(y) is the number of q1q¯2 pairs
at rapidity y. In baryon α(q1q2q3) case, n(q)α (y) = nq1q2q3 (y) is
the number of q1q2q3 combinations which satisfies nq1q2q3 (y) ≈
nq1 (y)nq2(y)nq3(y) in large quark number limit. nq(y) is the
number of q flavor quarks at y. To second order in the fluc-
tuations of quark numbers, we have
Gαβ(y1, y2) =
∑
f1, f2
A f1 f2
C f1 f2 (y1, y2)
〈n f1 (y1)〉〈n f2 (y2)〉
(5)
where A f1 f2 = (nα, f1 − nα¯, f1)(nβ, f2 − n ¯β, f2). Here, f1 and f2 run
over all kinds of quark flavors. nα, f1 is the number of quark
f1 contained in hadron α. C f1 f2 (y1, y2) =
〈
n f1(y1)n f2(y2)
〉
−〈
n f1(y1)
〉〈
n f2 (y2)
〉
is the ordinary two-point correlation func-
tion. Clearly, Gαβ(y1, y2) depends only on the quark level cor-
relations as well as the flavor compositions of hadronsα and β,
independent of the absolute yields of two hadrons. We empha-
sis that this result is independent of the precise form of kernel
P and, therefore, is a general result relating only to the basic
scenario/dynamics of QCM.
As apply the approximation of zero baryon number density
to the central plateau region of AA collision at LHC energies,
we further assume a Bjorken longitudinally boost-invariance
[33] for the system, and then the two point correlation func-
tions depend only on ∆y = y2 − y1 rather than on y1 and y2
individually. Since the rapidity density of particles is uniform
in this case, we use nα and n f to denote the rapidity density of
hadron α and quark f , respectively.
One of the advantages of Gαβ is that it can conveniently re-
late to the correlation of conserved charges in quark system.
Here we consider the system made up mainly of the three
quark flavors, i.e. up (u), down (d) and strange (s) quarks.
There are three conserved charges in system, i.e. baryon num-
ber (B), electric charge (C) and strangeness (S ). Following the
Ref [27], we alternatively use the net number of up (nu − nu¯),
down (nd − n ¯d) and strange quarks (ns − n s¯) instead of B, C
and S charges because quark numbers are more convenient
in hadronic correlations. Furthermore, charge correlations of
quark system Gab(∆y) can be also described by Eq.(1). Under
the isospin and charge conjugation symmetry, we have four
independent correlation functions, i.e.,
Guu(∆y) = 2
[
Cuu(∆y) −Cuu¯(∆y)
]
/〈nu〉2,
Gss(∆y) = 2
[
Css(∆y) −Css¯(∆y)
]
/〈ns〉2, (6)
Gud(∆y) = 2
[
Cud(∆y) −Cu ¯d(∆y)
]
/〈nu〉2,
Gus(∆y) = 2
[
Cus(∆y) −Cus¯(∆y)
]
/〈nu〉〈ns〉
for the quark system just before hadronization.
Substituting Eq.(6) into Eq.(5), we finally get
Gαβ(∆y) =
∑
f1, f2=u,d,s
Qα, f1 Qβ, f2G f1 f2 (∆y) (7)
where Qα, f1 denotes the net number of f1 in hadron α. The
equation shows a direct and simple connection between the
hadronic correlation and the charge correlation of quark sys-
tem before hadronization. There is no such concision if one
adopt Cαβ and existing balance functions. In Table I, we show
Gαβ(∆y) of various identified hadrons in terms of the charge
correlations Gab(∆y) of the quark system. From Eq. (1) we
have Gαβ = Gβα, Gα ¯β = −Gαβ and Gαβ = Gα¯ ¯β. Therefore, Ta-
ble I covers the correlations of major stable hadrons measured
experimentally.
There are several particularly interesting results in Table I.
First, we see that signs before Gab in GMM and GMB has both
the positive and negative parts while in GB ¯B their signs are the
same. It arises from the flavor composition nature of M(qq¯)
and B(qqq). Second, we find Gpi+ ¯Λ(∆y) = Gpi+ ¯Ω(∆y) = 0 which
means their productions are independent of each other. This is
because pi+ is composed of u and ¯d and their correlations with
quarks in Λ and Ω are canceled out under the isospin sym-
metry. Third, we see Gpi+ p¯(∆y) = Gpi+K− (∆y) = Gpi+ ¯Ξ0 (∆y) =
−Guu(∆y) + Gud(∆y) in which strangeness correlations disap-
pear. This is also because the correlation between u in pi+ and
strange quarks in K−, ¯Ξ0 cancels that part of ¯d in pion and
thus only light flavor correlations are left. These results are
independent of quark’s Gab and thus can be regarded as the
characteristic properties of QCM.
Besides, quark combination also predicts that K+ is associ-
ated in production with Λ, Ξ0 and Ω− rather than their anti-
particles for the regular quark Gab such as those discussed
later. This is because +Gss item always overwhelms numer-
ically other parts in their correlation decompositions, see Ta-
ble I. It is a natural result since K+ production consumes a s¯
while remaining s enters into a hyperon, thereby passing the
ss¯ quark correlation to these strange hadrons.
The fact of Gαβ being the linear combination of a few Gab,
as shown in Table I, also suggests that not only the correlation
width measured in the past but also the correlation magnitude
should be regarded as the significant and meaningful observa-
tions at LHC experiments. On the other hand, these simple
relations provide the possibility of extracting the charge cor-
relation properties of quark system from the measurable cor-
relations of identified hadrons.
Subsequently, we study the qualitative properties of
Gab(∆y) of quark system and their identification by hadronic
Gαβ measurements. Gab contains two main ingredients: (a)
intrinsic correlation between charge a and charge b. Here we
concentrate on the short range correlation (SRC) generated by
interactions of thermal/soft partons during the later stage of
QGP evolution. (b) the global charge conservation (GCC) im-
posed on charge a and b, respectively. It is mainly induced by
the charge separation during the first fm/c of the collisions, and
should has a long range characteristic in rapidity. We take a
Gaussian parametrization for their shapes in rapidity and have
Gab(∆y) = χab〈na〉〈nb〉
(
e
− ∆y2
2σ2g
√
2piσg
− e
− ∆y2
2σ2s
√
2piσs
)
. (8)
3TABLE I: Gαβ(∆y) of directly-produced hadrons after hadronization in terms of Gab(∆y) of the quark system before hadronization.
Gαβ pi+ p K+ Λ Ξ0 Ω−
pi− −2Guu + 2Gud
p¯ −Guu +Gud −5Guu − 4Gud transpose symmetric
K− −Guu +Gud −2Guu −Gud + 3Gus −Guu + 2Gus −Gss
¯Λ 0 −3Guu − 3Gud − 3Gus −Guu −Gud +Gus +Gss −2Guu − 2Gud − 4Gus −Gss
¯Ξ0 −Guu +Gud −2Guu −Gud − 6Gus −Guu −Gus + 2Gss −Guu −Gud − 5Gus − 2Gss −Guu − 4Gus − 4Gss
¯Ω+ 0 −9Gus −3Gus + 3Gss −6Gus − 3Gss −3Gus − 6Gss −9Gss
Here, σg and σs are GCC and SRC widths, respectively.
χab ≡
∑
α qα,aqα,b〈nα〉 is the charge correlation matrix of the
system [27] obtained by another decomposition of the numer-
ator of Eq. (1), which is used here to characterize/constrain
the magnitude of Gab. The summation α runs over all ingredi-
ent particles of the system, and qα,a is the charge of type a on
α.
Here, we consider three different charge correlation scenar-
ios that are possible for the quark system at hadronization: (1)
the system consists of only quasi-free individual constituent
quarks and antiquarks. χab matrix is diagonal; (2) among
quarks and antiquarks in system there exist some tight cor-
relation between quarks and antiquarks with different flavors
in rapidity space. χab has the negative off-diagonal matrix el-
ements which will generally increase GMM and GBM but de-
crease GBB in magnitudes; (3) different from the former, there
exist the tight correlation between two (anti-)quarks. χab has
the positive off-diagonal matrix elements which generally in-
crease GBB but decrease GMM and GBM. Three different Gab
scenarios can be identified by the measurement of the hadronic
Gαβ. In Fig.1, we show calculations of Gp ¯Λ(∆y), Gp ¯Ξ0 (∆y) and
Gp ¯Ω+ (∆y) at three scenarios as their effective discrimination.
In calculations, the quark rapidity densities are taken to be
〈nu〉 = 〈nd〉 = 710 and 〈ns〉 = 290, respectively, by using
a specific combination model developed by Shandong group
[34] to fit the experimental data of rapidity density of pion and
kaon in central Pb + Pb collisions at √sNN = 2.76 TeV [35].
For widths σg and σs we temporarily assume a flavor blind
value for the purpose of qualitative analysis only. GCC distri-
bution width σg is taken to be 3.8, fixed roughly by the data
of pseudo-rapidity distribution of charged particles [36]. SRC
width σs is fixed to be 0.45 by the data of charge balance func-
tion [26] in the collisions. Matrix elements of diagonal χab in
scenario (1) is χuu = 2〈nu〉 and χss = 2〈ns〉. For the scenario
(2), we consider the case proposed in Ref [27], χus ≈ −χss/2
and χud ≈ −χuu + χss/2 as an illustration of strong quark-
antiquark correlations with different flavors in rapidity. For
the scenario (3), we take a thermal ansatz. The number of
correlated two quarks in rapidity is assumed to be thermal dis-
tributed. The mass is the sum of quark masses. Fixing the
hadronization temperature T = 165 MeV and mass of individ-
ual quarks mu = 330 MeV and ms = 500 MeV, we estimate
the magnitudes of off-diagonal elements to be χud ≈ 0.17χuu
and χus ≈ 0.26χss, respectively.
It can be seen from Fig.1 that in diagonal case of χab the
production between p and ¯Λ, ¯Ξ0 is associated. This is quite
natural due to the local neutrality of net-u charge in the sys-
tem or in other words the light quark and light anti-quark pro-
duction association. The production of p and that of Ω are
independent of each other in this case because of the vanish-
ing Gus component. The positive off-diagonal χab elements
increase their production association magnitudes, even for the
p and ¯Ω+. On the contrary, the large negative values of the
off-diagonal χab elements may change the sign of the Gp ¯Λ,
Gp ¯Ξ0 and even Gp ¯Ω+ , which means the production between p
and these anti-hyperons is no longer be concomitant but re-
pulsive. We can see that Gp ¯Λ(∆y) and Gp ¯Ξ0 (∆y) can effectively
discriminate the scenario (2) from others while Gp ¯Ω+ (∆y) is all
powerful in three cases.
Decays of short-lived resonances are significant and com-
plex contamination source on the study of charge correlation
of QGP produced in collisions via the measurement of hadron
correlations. Here, we consider decays of the flavor SU(3)
ground state hadrons. Our calculations shows: (1) weak de-
cays of hadrons contaminate to a large extent and even over-
whelm the correlations of directly-produced hadrons in final
observation, in particular for the correlation between pion and
other hadrons Gpih. (2) effects of strong and electromagnetic
decays are varied with hadron species, but they are generally
smaller than those of weak decays. Gpih correlations are still
strongly influenced due to the still many decay channels into
pi. GK+K− correlation is influenced also by the magnitude de-
crease about 25%. GpK− correlation is slightly decreased less
10%. GK+ ¯Λ, GK+ ¯Ξ0 , GK+ ¯Ω+ , Gp ¯Λ, Gp ¯Ξ0 , Gp ¯Ω+ , GΛ ¯Λ, GΛ ¯Ξ0 and
GΛ ¯Ω+ are almost unchanged. Since the weak decays of strange
hadrons can be corrected in experiments at LHC, these un-
changed correlations are good observables.
There are two available methods measuring the hadron
Gαβ(∆y) in experiments. The first is that adopted in e+e− and
pp¯ reactions in the early years, i.e. choose hadrons α and α¯
at a specific rapidity, e.g. at y = 0, as the test particles and
then record rapidity distances between every hadron β ( ¯β) and
test particles event-by-event. The second is that used recently
in balance function measurements in AA collisions. Consider-
ing the detectors have a finite acceptance rapidity window yw,
statistics of all hadrons α, α¯, β and ¯β in this window generates
the partial correlation function Gαβ(∆y|yw), and then divide it
by the scale factor 1 − ∆y/yw proposed in Ref [14] to remove
the finite window effects and restore the theoretical definition.
In summary, we have studied in QCM the two-particle cor-
relation of identified hadrons in longitudinal rapidity space in
ultra-relativistic AA collisions. We presented a new correla-
tion function which can reflects more clearly than the balance
functions the charge correlations of quark system produced
in collisions. It is also useful to guide the future experimen-
tal measurements of charge correlations with focused goal at
LHC.
Another point needed to address at last is gluon effects. Al-
though gluon does not carry conserved charges B, C and S ,
it has definite nontrivial effects on hadronic correlations. In
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FIG. 1: (Color online) Gp ¯Λ(∆y) , Gp ¯Ξ0(∆y) and Gp ¯Ω+ (∆y) as the function of ∆y, as χab matrix is diagonal (filled circles), has negative off-diagonal
elements (open squares) and has positive off-diagonal elements (open circles).
QCM, gluon at hadronization is usually replaced by a pair
of quark and antiquark, which will increase χuu and χss of
the system and therefore influence mostly the correlations be-
tween particle pairs with opposite quantum numbers. We have
considered implicitly the gluon effects in this paper since we
directly start from the system of quarks and antiquarks. We
will study separately the effects of gluons at hadronization on
hadronic correlation as well as fluctuations in future work.
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